Laboratory evolution of the yeast Saccharomyces cerevisiae in bioreactor batch cultures yielded variants that grow as multicellular, fast-sedimenting clusters. Knowledge of the molecular basis of this phenomenon may contribute to the understanding of natural evolution of multicellularity and to manipulating cell sedimentation in laboratory and industrial applications of S. cerevisiae. Multicellular, fast-sedimenting lineages obtained from a haploid S. cerevisiae strain in two independent evolution experiments were analyzed by whole genome resequencing. The two evolved cell lines showed different frameshift mutations in a stretch of eight adenosines in ACE2, which encodes a transcriptional regulator involved in cell cycle control and motherdaughter cell separation. Introduction of the two ace2 mutant alleles into the haploid parental strain led to slow-sedimenting cell clusters that consisted of just a few cells, thus representing only a partial reconstruction of the evolved phenotype. In addition to single-nucleotide mutations, a whole-genome duplication event had occurred in both evolved multicellular strains. Construction of a diploid reference strain with two mutant ace2 alleles led to complete reconstruction of the multicellular-fast sedimenting phenotype. This study shows that whole-genome duplication and a frameshift mutation in ACE2 are sufficient to generate a fast-sedimenting, multicellular phenotype in S. cerevisiae. The nature of the ace2 mutations and their occurrence in two independent evolution experiments encompassing fewer than 500 generations of selective growth suggest that switching between unicellular and multicellular phenotypes may be relevant for competitiveness of S. cerevisiae in natural environments.
whole genome sequencing | reverse engineering E ase of cultivation and genome analysis, short generation times, and large population sizes have contributed to the popularity of microorganisms as model systems in experimental evolution. In addition to providing insights into evolutionary adaptation mechanisms and strategies, laboratory evolution of microorganisms provides a powerful tool to improve characteristics that are relevant to microbial biotechnology. The latter application of laboratory evolution, known as evolutionary engineering (1) has, for example, contributed to expanding substrate range (2) (3) (4) (5) , functional implementation of alternative product pathways (6, 7) , and increased tolerance to inhibitors (4, 8) in various production organisms (9) . Recent advances in DNA sequencing and genetic modification facilitate characterization and reconstruction of the genetic changes that underlie evolved phenotypes obtained in laboratory evolution. This progress contributes to identification of the molecular mechanisms that underlie specific phenotypes and enables experimental testing of hypotheses on evolutionary strategies (10) . Laboratory evolution has generated new insights into mutation rates (11, 12) , genetic drift (12, 13) , epistasis (14) , clonal interference (15) , and other important aspects of evolution by natural selection (16) . In microbial biotechnology, reverse engineering of evolved phenotypes, known as inverse metabolic engineering (17) , has similarly benefited from the availability of these genomic methodologies (18) . In this applied research context, knowledge of the genetic basis of an industrially relevant phenotype not only increases understanding, but also enables its reconstruction and improvement in other microbial strains and species (18) (19) (20) .
In unicellular organisms such as the yeast Saccharomyces cerevisiae, laboratory evolution is facilitated by the ease with which single-cell lines can be isolated from evolving cultures. Recently, however, Ratcliff et al. described evolution of multicellularity in S. cerevisiae within a single long-term cultivation experiment (21) . The multicellular variant, in which daughter cells did not separate from the mother cell on cell division, dominated the population within a few generations when fast sedimentation was selected for in test tubes. Evolution of these multicellular clusters of S. cerevisiae, which even showed signs of cellular differentiation, was proposed to be a laboratory model for the origin of multicellularity in eukaryotes (21) .
At least 25 occurrences of the shift from unicellular to multicellular life forms have been recognized in the evolution of life on Earth (22) (23) (24) . It has been proposed that multicellularity can contribute to phenotypes as diverse as stress tolerance (25, 26) , affinity for substrates (27) , and relief of predatory pressure (28) . However, knowledge on the selective pressures resulting in the Significance The shift from unicellular to multicellular life forms represents a key innovation step in the evolution of life on Earth. However, knowledge on the evolutionary pressures resulting in the selection of multicellular life forms and the underlying molecular mechanisms is far from complete. Our study provides a complete identification of the specific genetic changes by which the unicellular eukaryote S. cerevisiae can acquire a multicellular, fast-sedimenting phenotype. We demonstrated that a minimal evolutionary mechanism encompassed a deregulation of the late step of the cell cycle through mutation in ACE2 followed by whole genome duplication. evolution of multicellular life forms and on the underlying molecular mechanisms is far from complete.
Knowledge of the mutations that cause the switch from unicellular to multicellular growth in yeast may contribute to understanding of the events leading to the transition to multicellular lives. Moreover, such knowledge can contribute to a better modulation of biomass sedimentation in laboratory research and industrial application of S. cerevisiae. In our research on evolutionary engineering of S. cerevisiae, we frequently observed multicellular, fast-sedimenting clusters that, on microscopic examination, resemble the phenotype described by Ratcliff et al. (21) . The goal of the present study was to elucidate mutations that are responsible for the generation of multicellular variants. To this end, we monitored the formation of multicellular variants in two independent laboratory evolution experiments with a haploid laboratory strain of S. cerevisiae. Subsequently, representative mutants from the two evolution experiments were characterized. Genetic changes identified by whole-genome resequencing were reverse engineered in the unicellular parental strain, enabling the identification of two changes that, together, were sufficient to reproduce the multicellular, fast-sedimenting phenotype.
Results

Selection of Multicellular Clusters in Sequential Bioreactor Batch
Cultures. Where previous reports studied evolution of S. cerevisiae in serial shake flask cultures (29) (30) (31) (32) (33) , we reproducibly observed the occurrence of large multicellular clusters during prolonged anaerobic cultivation of the haploid S. cerevisiae strain CEN.PK113-7D (34) in sequential bioreactor batch cultures. The phenotype of these clusters was similar to the "snowflake yeast" previously described by Ratcliff and coworkers (21, 35) . The design of the "fill and draw" system used in our bioreactors provided an unintended selective advantage to fast-sedimenting cell lines. The vertical pipe used to empty the bioreactor after each cultivation cycle did not reach the bottom of the vessel. Consequently, fast-sedimenting cells were enriched in the small remaining volume used as inoculum for the next batch cultivation cycle.
To facilitate identification of mutations contributing to the multicellular phenotype (18, 33) , two identical independent anaerobic evolution experiments were started on a mixture of 20 g·L −1 glucose and 20 g·L −1 galactose. Although the specific growth rate on galactose doubled during both evolution experiments (from 0.11 to 0.22 and 0.20 h −1 ; Fig. 1A and Fig. S1A ) and the length of the batch cultivation cycles decreased by at least 35% (Fig. S1 H and I), the morphology of S. cerevisiae changed dramatically as large, multicellular clusters became dominant in both evolution experiments ( Fig. 1 B-F and Fig. S1 B-G). The sedimentation index, calculated from the time-dependent decrease of the optical density of statically incubated cell suspensions, strongly increased, in parallel with the increasing abundance of multicellular clusters ( Fig. 1 B-F and Fig. S1 B-G). Culture samples taken at the end of the two evolution runs [after 4,200 (∼900 generations) or 2,880 h (∼500 generations)] showed almost complete sedimentation after 5 min of static incubation (Fig. 1G ).
In S. cerevisiae, reversible aggregation of individual cells into fastsedimenting clusters can occur via flocculation, which involves a Ca 2+ -dependent interaction of yeast cell wall proteins and carbohydrates (36) . However, the multicellular clusters observed in the evolved cultures could not be reverted to a single-cell morphology by incubation with well-known antiflocculent agents such as EDTA (0.5 M) (37), mannose (38) , or protease (trypsin 1,500 units·mL −1 ) (39). This observation indicated that the phenotype did not result from interaction of unicellular yeasts, but rather from an incomplete cell division (36) .
Whole Genome Sequence Analysis of Two Evolved Multicellular Isolates.
To investigate the molecular basis of the evolved multicellular phenotype, fast-sedimenting strains IMS0267 and IMS0386 were isolated from evolution experiments 1 and 2, respectively. To verify the genetic stability of the mutations responsible for multicellularity, the evolved strains were grown for at least 50 generations on glucose in shake flask cultures. This test did not result in observable changes in multicellularity or sedimentation behavior, confirming that these phenotypes were independent on the bioreactor context in which they had been evolved and that they were caused by stable mutations. Genomic DNA of strains IMS0267 and IMS0386 was sequenced at high genome coverage (81.6-and 38.5-fold coverage for IMS0267 and IMS0386, respectively) and compared with the reference genome of the parental strain CEN.PK113-7D (34) . The high coverage enabled accurate analysis of genomewide copy number variation (CNV) by coassembly (40) , as well as identification of single-nucleotide variations (SNV) and indels.
To estimate the ploidy of the evolved strains we de novo coassembled sequence reads of each of the evolved strains with those of the CEN.PK113-7D reference strain. Copy numbers of the assembled contigs were estimated using the Poisson mixture model-based algorithm Magnolya (40) . Surprisingly, this analysis revealed that both evolved mutants had undergone a wholegenome duplication event relative to their haploid MATa ancestor CEN.PK113-7D ( Fig. 2 A and B) . Both IMS0267 and IMS0386 were for the most part diploid with triplicated genome islands. IMS0267 exhibited triplication of parts of CHRII, XIII, and XVI, whereas IMS0386, besides triplication of parts of CHRIII, VIII, and quadruplication of XIII, had a complete trisomy of CHRII and XI ( Fig. 2A ). Sexual traits of strains IMS0267 and IMS0386 were consistent with a MATa/MATa genotype because these strains were unable to sporulate but were able to mate to a MATα haploid strain (IMI081), with the mating products exhibiting a low efficiency of sporulation.
Mapping of sequence reads of the evolved strains onto the genome sequence of CEN.PK113-7D using the Genome Analysis Toolkit (GATK) software package (41) and assuming a ploidy of 2n revealed 60 mutated positions (SNVs and indels) of which 3 were homozygous and 57 were heterozygous (Table S1 ). Strikingly, a single gene, ACE2, was affected in both strains by two high-probability homozygous indels (Table S1 ). ACE2 encodes a transcriptional regulator of, among others, CTS1, a gene involved in the final phase of the cell cycle, more specifically required for septum destruction after cytokinesis (42) (43) (44) . Interestingly, although differently mutated ACE2 alleles were identified in the evolved isolates, the mutations were found in the same region of ACE2: in IMS0267 an adenosine was introduced at position 1,112, whereas in IMS0386 an adenosine was deleted at the same position. The resulting alleles were named ace2-1 and ace2-2. Both mutations caused the introduction of a premature stop codon, at position 1,165 or position 1,114 in IMS0267 and IMS0386, respectively ( Fig. S2 ). Based on its occurrence in both evolved strains and its known role in the yeast cell cycle, we hypothesized that the mutations in ACE2 contributed to the evolved multicellular phenotype.
ace2-1 and ace2-2 Strains Exhibit Reduced Transcript Levels of Ace2
Targets. The predicted proteins encoded by ace2-1 and ace2-2 alleles were 388 and 371 amino acids long instead of 770 amino acids for the original protein ( Fig. S2 ). As a result, the three C2H2-type zinc finger domains and the nuclear localization signal sequence (NLS) located at the C terminus of the Ace2 protein sequence were lost. Conversely, the truncated Ace2 versions retained the nuclear export signal sequence and the interaction domain with Cbk1, a protein kinase involved in the regulation and localization of Ace2. To study the impact of the ace2 mutations in the evolved multicellular strains, transcription of the previously characterized Ace2 targets DSE1/YER124C, DSE2/ YHR143W, CTS1, and SCW11 (44, 45) was analyzed in the ace2-1 and ace2-2 strains by real-time RT-PCR. Expression of all these four Ace2 targets was at least 90% lower in the evolved strains than in the parental strain CEN.PK113-7D ( Fig. 3A) .
Among the targets of Ace2, CTS1 is of special interest, because it encodes an endo-chitinase required for degradation of the mother-daughter septum (46) . Cell wall staining with Calcofluor White, which specifically stains chitin (47) , confirmed that within the multicellular clusters, the cells remained attached at the chitin bud neck site ( Fig. 3B ). Consistent with a key role of reduced chitinase expression in the multicellular phenotype, treatment with chitinase led to dispersal of the multicellular clusters into single cells ( Fig. 3 C and D) . To test whether reduced expression of CTS1 is sufficient to cause a multicellular phenotype, we analyzed the phenotype of cts1Δ mutants. A homozygous cts1Δ/cts1Δ strain showed large cell aggregates relative to an isogenic unicellular reference strain ( Fig. S3 ). Sedimentation of the cts1Δ/cts1Δ strain was not as fast as in the evolved strains ( Fig.  S3 ), which may either reflect differences in strain background or indicate that, in addition to a key role of reduced CTS1 expression, other factors contribute to the fast-sedimenting phenotype. (A) Quantification of the expression of characterized Ace2 regulated genes (CTS1, SCW11, DSE1, and DSE2) in S. cerevisiae strains CEN.PK113-7D (black bar; ACE2), IMS0267 (white bar; ace2-1/ace2-1), and IMS0386 (gray bar; ace2-2/ace2-2). Samples were taken in midexponential phase from a shake flask culture grown on YPD medium. Relative gene expression data represent the expression of CTS1, SCW11, DSE1, and DSE2 normalized to ACT1. The expression ratios were further normalized relative to CEN.PK113-7D. The data represented are average ± mean deviation of duplicate biological replicates. (B) Calcofluor White staining of an IMS0267 multicellular cluster. This picture is representative for the entire culture as well as for the two other singlecolony isolates obtained from evolved hyper-sedimenting cultures. Microscopic observations of a multicellular cluster of IMS0386 resuspended in 100 mM of potassium phosphate buffer (C) before and (D) after 7-h incubation with 60 units of chitinase at 25°C.
Reverse Engineering of ace2 Alleles in Unicellular Strains. To further investigate the importance of the ace2-1 and ace2-2 mutations in evolution of multicellular, fast-sedimenting S. cerevisiae strains, the WT ACE2 allele in the haploid ancestor strain CEN.PK113-7D was replaced by either of the two mutant alleles. Neither the introduction of the mutant ace2 alleles (strains IMI197 and IMK245) nor complete deletion of ACE2 in CEN.PK113-7D (strain IMK395) resulted in complete reconstruction of the multicellular phenotype of the evolved strains ( Fig. 4 ). The clusters formed by strains IMK395 (ace2Δ), IMI197 (ace2-2-HphNT1) and IMK245 (ace2-1-HphNT1) were much smaller and their sedimentation indices, although significantly higher than that of CEN. PK113-7D, were 10-fold lower than those of the evolved isolates IMS0267 and IMS0386. Conversely, replacement of one of the ace2-1 or ace2-2 copies in IMS0267 and IMS0386, respectively, by the WT ACE2 allele led to a complete reversion of the phenotype to single cells ( Fig. 4 ). This observation confirmed that the ace2 mutations identified were recessive (IMI220 and IMI221) which could be expected based on the loss of transcriptional activation activity (Fig. 3A ).
Estimation of ploidy by flow cytometry analysis of DNA content was not possible with the multicellular evolved strains IMS0267 and IMS0386. We therefore performed the analysis with strains IMI220 (ace2-1/ACE2), IMI221 (ace2-2/ACE2) and the strains IMS0267 and IMS0386 pretreated with chitinase. Cytometry values confirmed the prediction from sequence coassembly that the evolved strains had undergone a whole genome duplication ( Fig. 2 A and B ). IMI220 and IMI221 exhibited a 1.9and a 2.1-fold increase in DNA content, whereas chitinase treated IMS0267 and IMS0386 showed 2.0-and 2.2-fold increased DNA contents, respectively, relative to the haploid reference CEN. PK113-7D ( Fig. 2C ). To exclude the possibility of transformationassociated selection of unicellular mutants, we confirmed that reexchanging the ACE2 WT allele introduced in IMI220 and IMI221 by ace2-1 [IMW064 (ace2-1/ace2-1) and IMW066 (ace2-1/ace2-2)] restored formation of large clusters (Fig. S4 ).
Because the introduction of the ace2-1 or ace2-2 alleles in a haploid strain was not sufficient to reconstruct the multicellular phenotype observed in the evolved strains, we investigated the impact of the change in ploidy of the evolved strains on the multicellular phenotype. To this end, the MATα strain IMI246 (ace2-2-KanMX) was constructed by replacing ACE2 in CEN. PK113-13D and crossed with the MATa strain IMI197 (ace2-2-HphNT1). The resulting diploid strain IMD014 (ace2-2-KanMX/ ace2-2-HphNT1) formed large multicellular clusters ( Fig. 4 ) and exhibited a sedimentation index similar to that of the evolved strains IMS0267 and IMS0386 ( Fig. 4) . Similarly, the homozygous diploid strains IMD015 (ace2-1-KanMX/ace2-1-HphNT1) and IMD017 (ace2::loxP-HphNT1-loxP/ace2::loxP-KanMX-loxP), as well as the heterozygous diploid strain IMD016 (ace2-2-KanMX/ace2-1-HphNT1) exhibited a multicellular, fast-sedimenting phenotype comparable to that of the two evolved strains IMS0267 and IMS0386 (Fig. S5) .
These results demonstrate complete reverse engineering of an evolved multicellular, fast sedimenting phenotype by introduction, in diploid S. cerevisiae, of specific recessive mutations in ACE2 that drastically reduce or eliminate transcriptional activation of Ace2 target genes. Consistent with the ploidy-dependent phenotype of ace2 null mutants, deletion of the Ace2 target gene CTS1 in a haploid strain background did not result in the multicellular phenotype observed in diploid cts1Δ/cts1Δ strain ( Fig. S3 ).
Discussion
This study provides the first identification of a defined set of genetic changes by which the unicellular eukaryote S. cerevisiae can evolve into a multicellular, fast-sedimenting phenotype. Considering the impact of multicellularity in evolution, the molecular events underlying the transformation of unicellular yeast to multicellular clusters were surprisingly simple, requiring only a mutation in a single gene and a whole genome duplication. The recessive characteristic of the ace2-1 and ace2-2 mutations strongly suggests that they preceded or even facilitated the origin of the genome duplication event that occurred during laboratory evolution of strains IMS0267 and IMS0386. Although generation of multicellular clusters is easily observable, numerous shake flask-based laboratory evolution studies with S. cerevisiae strains, including the strain used in our study, do not report this phenotype (29) (30) (31) (32) (33) . The fast and reproducible selection of multicellular mutants in the present study was, in all likelihood, a consequence of the design of the effluent-removal system in our bioreactor setups. We thereby inadvertently mimicked the experimental design of Ratcliff and coworkers (21) who intentionally selected for a fast-sedimenting snowflake phenotype by including a biomass settling phase in their serial-batch laboratory evolution experiments.
The accelerated diauxic consumption of glucose-galactose mixtures ( Fig. 1A and Fig. S1 ) by the evolved cultures cannot be completely attributed to the mutations that caused multicellularity ( Fig. S6 ), suggesting that additional mutations contributed to this characteristic. Analysis of several of these mutations, which is outside the scope of this study, was complicated by their heterozygous nature.
The observed ploidy dependency of the phenotype caused by the ace2 alleles identified in the evolved strains is probably at least partly due to the different bud-site selection preferences of haploid and diploid S. cerevisiae strains (48, 49) . Haploid cells exhibit axial budding, during which a new bud is formed directly adjacent to the bud scar. Conversely, diploid cells exhibit a polar budding pattern, in which daughter cells bud distally (48) . Different bud-site selection strategies will inevitably affect the morphology of multicellular aggregates in mutants with compromised cell division. For example, polar budding should result in less steric hindrance, thereby facilitating generation of larger structures, consistent with the larger size of multicellular clusters in diploid ace2/ace2 strains. Additionally, ploidy may affect separation of mother and daughter cells even in unicellular strains. Of a set of only 17 S. cerevisiae genes whose expression is affected by ploidy (50), two (CTS1 and DSE4, of which only the endo-chitinase-encoding CTS1 gene is a known Ace2 target) are associated with mother-daughter cell separation. The strong positive correlation of ploidy and CTS1 gene expression suggests that, in diploid cells, separation of mother and daughter cells requires more endo-chitinase than in haploids. This assumption would be consistent with the observed stronger phenotype of reduced CTS1 expression in diploids. The strong ploidy dependence of ace2 phenotypes underlines the importance of analyzing whole or partial genome duplication in the analysis of evolved strains (51) (52) (53) . In addition to facilitating the identification of key mutations, research on genome duplication and subsequent further evolution in laboratory experiments may lead to further insight in the evolutionary past of S. cerevisiae, in which a whole genome duplication played a pivotal role (54) .
Lack of degradation of the chitin septum between the mother and the daughter cells appears to be the predominant mechanism underlying the formation of the multicellular clusters observed in the present study. This mechanism may have played a role in the transition from unicellular fungi to dimorphic and filamentous organisms, because these organisms share a conserved role for chitin in cell wall architecture. Inactivation of the ACE2 ortholog in the pathogenic yeast Candida glabrata led to cell clusters and hypervirulence in a murine model (55, 56) . Similarly, C. albicans strains with an ace2Δ/Δ genotype showed altered separation and morphology and, moreover, resistance to azole antifungal drugs (56) . However, outbreaks of hypervirulent and/or antibiotic-resistant mutants of these pathogens have hitherto not been reported.
Although mutations in the endo-chitinase-encoding CTS1 gene and/or in other components of the regulation of Ace2 and morphogenesis (RAM) pathway can be expected to have similar impacts on sedimentation characteristics, only mutations in ACE2 were found in two independent evolution experiments. Moreover, the ace2-1 and ace2-2 mutations occurred in the same homopolymer of eight adenosine residues (Fig. S2 ). Poly-(dA: dT) tracts occur frequently in S. cerevisiae genome (57, 58) , and these regions may participate in the yeast genome evolution by creating mutagenesis hot-spots (57) . Poly-(dA:dT) tracts are, however, less abundant in coding regions than in intergenic regions (Table S2) , presumably because a resulting evolvability confers a selective disadvantage in most protein-encoding DNA. In contrast, acquisition of a fast-sedimentation phenotype may offer selective advantages in nutrient-rich environments where single cells are easily washed away, such as flowers or fruits subjected to frequent bursts of intensive rainfall. Close inspection of the nucleotide sequences of Candida ACE2 orthologs, and S. cerevisiae genes of the RAM pathway did not reveal homopolymers longer than five residues. In pathogenic Candida strains, this might limit the frequency with which hypervirulence occurs as a consequence of loss of function mutations in ACE2.
Knowledge of the mutations responsible for a multicellular, fastsedimenting phenotype in S. cerevisiae allows modulation of this property by genetic engineering. The results presented in this study indicate that stable, fast-sedimenting yeast strains for use in cell retention systems can be constructed by inactivation of both copies of ACE2 in diploid strains. Formation of multicellular clusters, as observed in the evolved strains investigated in this study, does not hinder cell growth. In fact, the evolved strains IMS0267 and IMS0386 showed higher growth rates than their ancestor CEN. PK113-7D in chemically defined medium with glucose and galactose ( Fig. 1 and Fig. S1 ). Additionally, it may be possible to prevent or delay occurrence of multicellular phenotypes in adaptive evolution experiments, where it is not always a desirable feature, by ectopic integration of multiple ACE2 genes.
Materials and Methods
Strain Maintenance. S. cerevisiae strains used in this study (Table 1) were derived from the CEN.PK family (59) and from the BY lineage (60 61] , and 20 g·L −1 glucose at 30°C. An alternating batch regime was conducted with every first batch containing 20 g·L −1 glucose and 20 g·L −1 galactose medium and every second batch containing 20 g·L −1 galactose as the sole carbon source in the medium. The cycles on galactose-only medium were included to balance the number of generations of growth on the two sugars (2). The strains CEN.PK113-7D, CEN.PK122, IMS0267, IMS0386, and IMD014 were compared with respect to fermentation time by batch cultivation in bioreactors. Bioreactors containing SM with 20 g·L −1 glucose and 20 g·L −1 galactose were inoculated by adding a shake flask culture that had been incubated overnight in synthetic medium and 20 g·L −1 galactose at 30°C. Cultivation was carried out in 2 L laboratory bioreactors (Applikon) with a working volume of 1 L. SM supplemented with 0.01 g·L −1 ergosterol and 0.42 g·L −1 Tween 80 dissolved in ethanol and trace elements was used as the medium to which either 20 g·L −1 glucose and 20 g·L −1 galactose or only 20 g·L −1 galactose was added. Antifoam Emulsion C (Sigma-Aldrich) was autoclaved separately (120°C) as a 20% (wt/vol) solution and added to a final concentration of 0.2 g·L −1 . Cultures were stirred at 800 rpm, cultures were kept anaerobic by sparging 0.5 L·min −1 nitrogen gas (<10 ppm oxygen), and culture pH was kept at 5 by automatically adding 2 M KOH. The bioreactor was equipped with Norprene tubing (Cole Palmer Instrument Company) to minimize oxygen diffusion. The bioreactor was automatically drained when off-gas CO 2 levels dropped below 0.05% after the CO 2 production peak, leaving 25 (evolution 1) or 5 mL (evolution 2) as inoculum for the next batch. The bioreactor was filled to 1 L using a feed pump controlled by an electric level sensor. For each cycle, the specific growth rate on either glucose or galactose was estimated from the off-gas CO 2 production in the exponential phase by fitting an exponential function through the data points. The number of generations was estimated to range from 3.5 to 5 per batch culture based on dry-weight measurements. The culture was regularly checked for purity by plating on lithium-containing agar plates (62) and by microscopy. Culture samples were stored by the addition of 20% (vol/vol) glycerol and kept at −80°C.
Single Colony Isolation. Representative single colony isolates from the end of both evolution experiments were obtained by biomass samples on YP medium with 20 g·L −1 galactose. Single colonies were restreaked twice before inoculating a 15-mL plastic tube containing 1 mL synthetic medium supplemented with vitamins, trace elements, and 20 g·L −1 galactose. After incubation for 1 d at 30°C, these cultures were used to inoculate shake flasks containing 100 mL of the same medium. Fully grown cultures of these shake flasks were stocked. The mutant with the highest sedimentation indices from evolution experiments 1 and 2 were named IMS0267 and IMS0386, respectively.
Calcofluor White Staining. Two hundred microliters of a fully grown shake flask culture on YPD medium was washed thrice in PBS buffer (3.3 mM NaH 2 PO 4 , 6.7 mM Na 2 HPO 4 , 0.2 mM EDTA, and 130 mM NaCl) and resuspended in 500 μL PBS buffer. One hundred microliters of the resulting suspension was incubated with 10 μL Calcofluor White stain (Calcofluor White M2R 1 g·L −1 and Evans Blue 0.5 g·L −1 ; Fluka). After 15 min, the cell suspension was washed once more. Directly thereafter, phase-contrast and fluorescence microscopy was performed with a Zeiss Imager.D1 microscope equipped with a 40× Plan Neofluor lens and Filter Set 01 (excitation bandpass filter width from 353 to 377 nm, emission long-pass filter from 397 nm, 395-nm beam splitter filter; Carl Zeiss). Images were taken with a Zeiss Axiocam MRc using Axiovision 4.5 software.
Chitinase Assay. One hundred microliters of an overnight shake flask culture on YPD medium was centrifuged and resuspended in either 100 μL 100 mM potassium phosphate buffer (KPB) (pH 6.0) (13.2 mM KH 2 PO 4 , 86.8 mM K 2 HPO 4 ) or 100 μL 100 mM KPB buffer (pH 6.0) with 1 mg ml −1 chitinase [chitinase from Trichoderma viride, >600 units mg −1 (Sigma-Aldrich)].
Sedimentation Assay. To visualize sedimentation in test tubes, yeast cells were harvested from fully grown shake flask cultures on YPD medium, washed twice, and resuspended in SM to a biomass concentration of 2 g dry weight·L −1 . After vortexing thoroughly to ensure a homogeneous suspension, MATa/α his3Δ1/his3Δ1 leu2Δ0 /leu2Δ0 lys2Δ0/LYS2 cts1::loxP-KanMX-loxP/CTS1 Invitrogen 36947
MATa/α his3Δ1/his3Δ1 leu2Δ0 /leu2Δ0 lys2Δ0/LYS2 cts1-loxP/cts1::loxP-KanMX-loxP Invitrogen *Strains constructed in the IMS0267 strain background. † Strains constructed in the IMS0386 strain background.
samples were rapidly placed in test tubes, and the clock was immediately started. Photographs were taken after 5 min.
To quantify the rate of sedimentation, shake flask cultures were grown to stationary phase in YPD medium, washed twice, and resuspended in SM to a biomass concentration of 0.42 g dry weight·L −1 . The cell suspension was left to settle in a 1-mL cuvette for 30 min while OD 660 was continuously recorded using a Hitachi U-3010 spectrophotometer (Hitachi High-Technologies Europe). The sedimentation index was defined as the ratio of the decrease of OD 660 during the 30-min incubation period and the initial OD 660 value (ΔOD 660 /OD 660,initial ).
Whole Genome Sequencing. Genomic DNA from the two evolved strains and CEN.PK113-7D was isolated using the Qiagen 100/G kit (Qiagen). A library of 200-bp genomic fragments was created and paired-end (50-bp reads) sequencing was performed with an Illumina HiSEq 2000 sequencer at Baseclear BV. The individual reads were mapped onto the reference genome of CEN. PK113-7D (34), using the GATK algorithm (41) . Single-nucleotide variations, small insertions, and deletions were extracted from the mapping under the assumption that the analyzed genome was diploid. Default settings were used, except that the minimum and maximum read depths were set to 10× and 400×, respectively. To minimize false-positive mutation calls, custom scripts and manual curation were used for further mutation filtering. First, mutation calls that contained ambiguous bases in either reference or mapping consensus were filtered out. Second, only single nucleotide variations with a quality of at least 20 and small insertions and deletions with a quality of at least 60 were kept. Variant quality was defined as the Phred-scaled probability that the mutation call is incorrect (63) . Third, mutations with a depth of coverage smaller than 10× were discarded. All variations were manually verified by comparing with raw sequencing data of CEN.PK113-7D.
The Magnolya algorithm (40) was used to analyze copy number variation, using Newbler (454 Life Sciences) for the coassembly. Haploid settings were used for CEN.PK113-7D and diploid settings for the evolved strains to determine their ploidy levels. The raw sequencing data were deposited at the NCBI Sequence Read Archive under BIOproject ID PRJNA193417.
Flow Cytometric Analysis. Cell volumes and the DNA contents of the evolved isolates and a haploid and a diploid reference strain (CEN.PK113-7D and CEN. PK122, respectively) were analyzed by flow cytometry. A culture volume corresponding to 1 × 10 7 cells·mL −1 , determined with a Z2 Coulter Particle Count & Size Analyzer (Beckman Coulter), was centrifuged (5 min, 3,425 × g). The pellet was washed once with phosphate buffer (NaH 2 PO 4 3.3 mM, Na 2 HPO 4 6.7 mM, NaCl 130 mM, and EDTA 0.2 mM) (64) and resuspended in phosphate buffer. Cells were briefly sonicated (∼3 s) in an MSE Soniprep 150 sonicator (150-W output, 7-μm peak-to-peak amplitude; MSE) to prevent cell aggregation. For analysis of evolved strains IMS0267 and IMS0386, cell suspensions were centrifuged and resuspended in 50 mM potassium phosphate buffer (pH 6.0) with 1 mg·mL −1 Trichoderma viride chitinase (Sigma-Aldrich) and incubated at 30°C for at least 60 min to disperse cell clusters. After centrifuging (15 min, 1,700 × g), the pellet was washed once in 100 mM potassium phosphate buffer and finally culture samples were resuspended in diluted in IsotonII diluent (Beckman Coulter) to a cell density of ∼10 7 mL −1 . Cellular DNA was then stained with the Vybrant DyeCycle Orange Stain Kit (Invitrogen) and incubated in the dark for 30 min at 37°C. Stained and unstained samples were analyzed on a Cell Lab Quanta SC MPL flow cytometer equipped with a 488-nm laser (Beckman Coulter). Quantification of the fluorescence intensity (DNA content) and electronic volume (EV, as a measure for cell volume) was performed by using the free CyFlogic software (version 1.2.1; CyFlo Ltd.).
Quantitative PCR. Transcript levels of Ace2 targets in CEN.PK113-7D, IMS0267, and IMS0386 were determined in duplicate shake flask cultures grown on YPD medium to midexponential phase, when the culture was cooled on ice, and 20 mL of broth was harvested by centrifugation. Total RNA extraction was based on a method described previously (65) . Cells were centrifuged and resuspended in one pellet volume of TAE buffer, two pellet volumes of acid phenol-chloroform (5:1, pH 4.5), and 0.1 pellet volume 10% (wt/vol) SDS. The tubes were placed in a water bath at 65°C for 5 min before being aliquoted in three 1-mL tubes and stored at −80°C. RNA was extraction as described by Schmitt et al. (66) . cDNA was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen). The QuantiTect SYBR Green PCR Kit (Qiagen) was used for quantitative PCR, performed in triplicate and at two dilutions in the Rotor-Gene Q (Qiagen). A primer concentration of 0.5 μM in a total reaction volume of 20 μL was used. All quantitative PCR (qPCR) primers are listed in Table S3 . Expression of each transcript relative to the expression in CEN. PK113-7D and normalized to the transcript level of ACT1 was calculated using the program REST (Qiagen) by entering take-off and amplification values. A 100% efficient reaction would give an amplification value of 2 for every sample, meaning that the amplicon doubled in every cycle. The actual amplification of the reactions was similar with that obtained using primers for actin ACT1 (1.65-1.9). Outliers (<1.65) were manually removed. The takeoff represents the cycle at which the second derivative is at 20% of the maximum level, indicating the end of the noise and the transition to the exponential phase. The take-off value was calculated for each gene of interest by the Rotor-Gene Q Series Software (Qiagen). Average relative transcript levels were determined from two to four technical replicates. Results presented are averages of at least two biological replicates.
Strain Construction. The protocol described by Gietz and Woods (67) was used to transformation linear DNA fragments into S. cerevisiae strains. Transformants were selected on YPD agar plates containing 200 mg·L −1 hygromycin B or 200 mg·L −1 G418. Transformants were restreaked once before they were confirmed to have the correct integration by PCR (Table  S3 ) on colony material suspended in 0.02 M NaOH and boiled for 10 min. To confirm the presence of the correct allele(s), single read (Sanger) sequencing was performed on selected PCR products by Baseclear BV on an ABI3730XL sequencer (Life Technologies Ltd.).
Disruption of ACE2 in CEN.PK113-7D was done by integrating the ACE2KO construct, which was amplified by PCR from the plasmid pUG-hphNT1 (7) with primers ACE2KOf and ACE2KOr. Correct replacement of the ACE2 gene by the hygromycin B resistance gene was confirmed by PCR with primers sets ACE2fw-Hph NT1 fw, ACE2rv-Hph NT1, and ACE2fw-ACE2rv. The resulting strain was named IMK395 (ace2Δ::loxP-HphNT1-loxP).
Introduction of the WT ACE2 allele (resulting in IMI196), the ace2-1 allele (resulting in IMK245), and the ace2-2 allele (resulting in IMI197) into CEN. PK113-7D or introduction of the ace2-2 allele (resulting in IMI246) and of the ace2-1 allele (resulting in IMK484) in CEN.PK113-13D was done by cotransformation of two overlapping DNA fragments that recombine with each other and integrate side-by-side into the same chromosomal locus (Fig. S7A ). The first fragment contained either the WT ACE2 allele or an ace2, flanked by a unique overlapping sequence with the second fragment. This first construct was obtained by PCR on genomic DNA of CEN.PK113-7D or on genomic DNA of IMS0386 using primers ACE2idF and ACE2tagA. For IMS0267, the first construct was amplified from genomic DNA of IMS0267 using primers ACE2idf and ACE2tagB. The second fragment also contained the unique sequence, together with the hygromycin B or kanamycin resistance gene and a sequence homologous to a sequence 204 bp downstream of ACE2 (Fig. S7 ). This second construct was obtained by PCR on the plasmid pUG-hphNT1 (7) using primers tagApUG and pUGACE2r or by a PCR on pUG6 (68) using primers tagBpUG and pUGACE2r. After integration of the two constructs in the CEN.PK113-7D genome, correct insertion of the constructs was confirmed by PCR using primers pairs ACE2seqf-Hph NT1 rv or ACE2seqf-KanA, ACE2hygidrv-Hph NT1 fw or ACE2hygidrv-KanB, and ACE2seqf-ACE2hygidrv. By sequencing the PCR product obtained from the primer pair ACE2seqf-Hph NT1 rv or ACE2seqf-KanA, the insertion of the correct allele was confirmed using the primer ACE2seqf.
Because the introduction of two genetic elements into the multicellular mutants proved more difficult than in the unicellular ancestor, allele switching in these mutants was done by integrating one complete construct into the ACE2 locus (Fig. S7B) . The construct was obtained by amplifying the complete ACE2-tagA-HphNT1-ACE2 construct from genomic DNA of the appropriate mutants constructed in CEN.PK113-7D by PCR with primers ACE2seqf and ACE2hygidrv. After integration of those constructs in IMS0267 (resulting in IMI220) and IMS0386 (resulting in IMI221), correct insertion of the construct was confirmed by PCR using primer pairs ACE2f-Hph NT1 rv, ACE2TARcheck-Hph NT1 fw, and ACE2f-ACE2TARcheck. By sequencing the PCR product obtained from the primer pair ACE2f-Hph NT1 rv and by sequencing the smaller PCR product from the primer pair ACE2f-ACE2TARcheck using the primer ACE2seqf, presence of the expected alleles was confirmed.
Construction of a diploid ace2-2/ace2-2 mutant (IMD014) was done by crossing strain IMI197 and strain IMI246 on YPD agar plates. The resulting diploid strain was selected on synthetic agar medium with 200 mg·L −1 G418 and hygromycin by restreaking twice on this medium. Correct insertion of the correct alleles was confirmed by sequencing the PCR product obtained from the primer pair ACE2f-Hph NT1 rv and by sequencing the PCR product obtained from the primer pair ACE2f-KanA. Similarly, the strain IMD015 was constructed by crossing IMK484 with IMK245, and the strain IMD016 was constructed by crossing IMI246 and IMK245.
Reintroduction of relevant ace2 alleles into IMI220 (ACE2/ace2-1) and IMI221 (ACE2/ace2-2), resulting in strains IMW064 (ace2-1/ace2-1) and IMW066 (ace2-2/ace2-2), respectively, was done by integrating two overlapping constructs into the ACE2 locus, thereby replacing the ACE2-tagA-HphNTI-ACE2 construct (Fig. S7A ). The first construct contained an ace2-1 or ace2-2 allele, flanked by a unique overlapping sequence with the second construct. The first construct was obtained by PCR on genomic DNA of IMS0267 or IMS0386, using primers ACE2idf and ACE2tagB. The second construct also contained the unique sequence, together with the kanamycin resistance gene and a sequence homologous to a sequence 204 bp downstream of ACE2. This second construct was obtained by PCR on the plasmid pUG6 (68) using primers tagBpUG and pUGACE2r. After transformation of the two constructs to the appropriate strain, correct insertion was confirmed by PCR using primer pairs ACE2f-KanA, ACE2TARcheck-KanB, and ACE2f-ACE2TARcheck, as well as by demonstrating resistance to G418 plates but not to hygromycin. Presence of the desired alleles was confirmed by sequencing the PCR product obtained from the primer pair ACE2f-Hph NT1 rv and by sequencing the smaller PCR product from the primer pair ACE2f-ACE2TARcheck using the primer ACE2seqf. Introduction of a hygromycin resistance gene into the MATα CEN.PK113-16B strain was done by transforming a genetic construct obtained by PCR from the plasmid pUG-hphNT1 (7) using primers MTH1markfw and MTH1markrv. The resulting strain was named IMI081 (ACE2 loxP-HphNT1-loxP).
Constructs were made by PCR amplification on genomic DNA by using Expand high fidelity Polymerase (Roche) according to the manufacturer's instructions in a Biometra TGradient Thermocycler (Biometra). Isolation of fragments from gel was done with the Zymoclean Gel DNA Recovery kit (Zymo Research). PCR amplification on colony material was done using FastStart Taq DNA Polymerase (Roche) according to the manufacturer's instructions on colony material suspended in 0.02 M NaOH and heated for 10 min at 100°C.
Mating and Sporulation. Strains IMS0267 and IMS0386 were mated with IMI081 by streaking both strains on YPD plates. After overnight incubation at 30°C, the strains were streaked over each other. After another 4 h of incubation at 30°C, diploids were selected by streaking on selective medium (SM medium with 20 g·L −1 glucose and 200 mg·L −1 hygromycin). Resulting single colonies were restreaked twice on the same medium.
Sporulation was performed by incubating a culture in YP medium supplemented with 10 g·L −1 potassium acetate for 2 d at 23°C. Subsequently, the entire culture was washed twice, resuspended in 20 g·L −1 potassium acetate, and incubated for 3-4 d at 23°C. Spores were segregated on YPD plates using a micromanipulator (Singer Instruments) and incubated at 30°C.
Homopolymer Distribution. The S. cerevisiae reference genome and its annotation (release 64-1-1, February 3, 2011) were downloaded from the Saccharomyces Genome Database (www.yeastgenome.org/) (69) . A file "domains.tab," containing domains predicted using InterProScan (70) , was downloaded from the same site (March 10, 2013) . The number of occurrences of dA:dT homopolymers of eight or more residues was counted in the overall genome, in genes (i.e., sequences annotated as gene in the reference genome), in coding sequences within genes, in introns, and in domains. Homopolymers were considered present when all bases fell inside the genomic feature. For each of these features, a Fisher exact test (two-tailed) was then performed under the null hypothesis that the occurrence of homopolymeric stretches is independent of the underlying genomic feature (genes, coding sequences, introns, and domains).
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Oud et al. 10 .1073/pnas.1305949110 Fig. S1 . Sequential batch cultivations in bioreactors on a mixture of glucose and galactose results in a culture containing multicellular Saccharomyces cerevisiae. (A) μ max derived from the CO 2 production of glucose consumption in glucose-galactose cultures (•) and μ max in the galactose cultures (○) of evolution experiment 2. Biomass samples were grown to stationary phase in shake flasks containing YPD medium left to settle for 30 min in a 1-mL cuvette. Sedimentation indexes (■) were calculated as described in Materials and Methods. Data represent the average and mean deviation of duplicate experiments. Microscopic pictures of evolution experiment 2 after (B) 0, (C) 626, (D) 1,321, (E) 1,824, (F) 2,513, and (G) 2,877 h. Volumetric CO 2 production rate (mmol·L −1 ·h −1 ) of a cycle of two batches during (H) evolution 1 and (I) evolution 2. Numbers indicated fill-and-draw cycles. Cycle 1 is after 0 h, cycle 2 after 188 or 119 h, cycle 20 is after 1,215 or 1,168 h, cycle 35 is after 2,133 h, cycle 50 is after 2,408 or 2,782 h, cycle 70 is after 3,338 h, and cycle 90 is after 4,061 h. The first peak in the volumetric CO 2 production rate corresponds to growth on glucose and the second peak corresponds to the diauxic growth on galactose (after glucose consumption). The strains were grown in synthetic medium (SM) with glucose for two sequential batches in shake flasks and sampled in in late exponential phase of the second culture. (A) Cellular morphology of the strains IMD015 (MATa/α ace2-1/ace2-1), IMD016 (MATa/α ace2-1/ace2-2), and IMD017 (MATa/α ace2Δ/ace2Δ). (B) Sedimentation index of the evolved multicellular strains IMS0267 and IMS0386, the reference strains CEN.PK113-7D and CEN.PK122, and the reverse engineered mutants IMD014 (MATa/α ace2-2/ace2-2), IMD015 (MATa/α ace2-1/ace2-1), IMD016 (MATa/α ace2-2/ace2-1), IMD017 (MATa/α ace2Δ/ace2Δ), and IMK395 (MATa ace2Δ). The data represented are average ± mean deviation of duplicate biological replicates.
Fig. S6
. Batch cultivation in bioreactors on a mixture of 20 g·L −1 glucose and 20 g·L −1 galactose reveals that additional mutations are responsible for the observed improved galactose consumption phenotype. Volumetric CO 2 production profiles of (■) CEN.PK113-7D (Mata ACE2), (□) CEN.PK122 (Mata/Matα ACE2/ACE2), (•) IMS0267 (ace2-1/ace2-1), (○) IMS0386 (ace2-2/ace2-2), and (▲) IMD014 (Mata/Matα ace2-2/ace2-2) grown in an anaerobic bioreactor containing SM supplemented with 20 g·L −1 glucose and 20 g·L −1 galactose. One representative experiment is shown for each strain; experiments were performed at least in duplicate for each strain. 
